Background {#Sec1}
==========

Parasites of animals cause diseases of major socioeconomic importance globally \[[@CR1], [@CR2]\]. For example, gastrointestinal nematodes of livestock cause subclinical infections and diseases that lead to reductions in meat, milk and fibre production \[[@CR3], [@CR4]\], with at least AUD \$500 million losses per annum in Australia alone \[[@CR5]\]. Thus, parasitic nematode infections are a substantial burden to animal health and livestock production. Currently, anthelmintic treatment remains the mainstay of control for parasitic nematodes \[[@CR6], [@CR7]\]. The occurrence of anthelmintic resistance, together with the limited number of anthelmintics being commercialised, indicates an urgency to discover new and effective anthelmintic compounds \[[@CR6], [@CR8], [@CR9]\].

Product development partnerships (PDPs) are playing a significant role in the development of new medicines for neglected diseases \[[@CR10], [@CR11]\]. In the present context, a PDP usually involves a collaboration between a non-profit organisation, such as the Medicines for Malaria Venture (MMV), Drugs for Neglected Diseases Initiative (DNDi) and Global Alliance for TB Drug Development (TB Alliance), industry and/or academic partners to collectively combat infectious/parasitic diseases \[[@CR10], [@CR12]\]. The significant role of the PDP model is demonstrated through the delivery of commercial products, such as paromomycin against leishmaniasis, developed by the Institute of One World Health \[[@CR13]\], artemether-lumefantrine (Coartem dispersible) - a child-friendly treatment against malaria developed in partnership by Novartis and MMV \[[@CR14]\], and a new vaccine called MenAfriVac against the bacterial meningitis by the Meningitis Vaccine Project \[[@CR15], [@CR16]\].

Recently, in collaboration with MMV, we screened compounds in the 'Pathogen Box' with known activities against one or more pathogens that cause neglected diseases (including tuberculosis, malaria, sleeping sickness, leishmaniasis, schistosomiasis, hookworm disease, toxoplasmosis and cryptosporidiosis) against *Haemonchus contortus* \[[@CR17]\], an economically important parasitic nematode of ruminants that represents a large order of nematodes, the Strongylida \[[@CR18]\]. We identified tolfenpyrad, an approved pesticide with known activity against some kinetoplastid protists \[[@CR19]\], which has anthelmintic activity against *H. contortus* \[[@CR17]\]. Within this collaborative framework, we were able to source another library, called the 'Stasis Box', from MMV, which contains 400 compounds that have been in clinical development but have not been approved for illnesses other than neglected infectious diseases. The 'Stasis Box' contains compounds that have been developed against disorders such as atherosclerosis, restenosis, pulmonary fibrosis, selected cancers, urinary incontinence or depression (Mike Palmer, personal communication). Here, we screened all of these compounds against *H. contortus* using an established whole-organism motility assay \[[@CR20]\], with the aim of repurposing some of them as nematocides.

Methods {#Sec2}
=======

Procurement of *H. contortus* {#Sec3}
-----------------------------

In accordance with institutional animal ethics guidelines (permit no. 1413429; The University of Melbourne), *H. contortus* (Haecon-5 strain) was maintained in experimental sheep as described previously \[[@CR21]\]. To produce exsheathed third-stage larvae (xL3s), infective L3s were exposed to 0.15% (*v*/v) of sodium hypochlorite (NaClO) for 20 min at 37 °C \[[@CR21]\], washed five times in sterile saline (0.9%) and cultured in Luria Bertani medium (LB) supplemented with final concentrations of 2 μg/ml of amphotericin, 100 μg/ml of streptomycin and 100 IU/ml of penicillin (antibiotic-antimycotic, cat. no. 15240--062; Life Technologies, Carsbad, USA) (LB\*). To produce fourth-stage larvae (L4s), xL3s were incubated in a water-jacketed CO~2~ incubator (model no. 2406 Shel Lab, Cornelius, USA) for 7 days at 38 °C and 10% *v*/v CO~2~ or until ≥ 70% of L3s had developed to the L4 stage.

Compound library and screening {#Sec4}
------------------------------

From MMV, we obtained the 'Stasis Box', which contains 400 compounds that have been in drug development, as explained earlier. These compounds were individually solubilised in 10 μl of dimethyl sulfoxide (DMSO) to achieve a stock concentration of 10 mM, and then diluted and tested for activity against *H. contortus*. The compounds were tested using a previously described method \[[@CR20]\]. In brief, using 96-well flat bottom plates, individual compounds (40 μM) in LB\* (50 μl) were added to individual wells in triplicate, with LB\* + 0.5% DMSO as a negative control and a commercial anthelmintic, monepantel (Zolvix, Novartis Animal Health, Basel, Switzerland) as a positive control. Subsequently, 300 xL3s in 50 μl LB\* were added to individual wells. The plates were then incubated in a 38 °C water-jacketed CO~2~ incubator for 72 h. Then, a video recording (5 s) was made of each well using a grey-scale camera (Rolera bolt, Q imaging Scientific Coms, Surrey, Canada) and a motorised X-Y axis stage (BioPoint 2; Ludl Electronics Products, Hawthorne, USA). The motility of worms in each well was calculated in a pixel-based algorithm, called motility index (Mi), based on the light intensity changes caused by the worm movement \[[@CR21]\]. For each compound, Mi values were normalized against the positive and negative controls using the program GraphPad Prism (v.6 GraphPad Software, USA). A compound was identified as a "hit" if it reduced worm motility by ≥70% or induced a phenotype that differed from wild-type xL3 (i.e. LB\* + 0.5% DMSO control). For each compound, each data point represented the mean of a triplicate (± standard error of the mean, SEM).

Dose-response assay {#Sec5}
-------------------

Active compounds (99.9% purity; purchased from Selleck Chemicals, Boston, or Cayman Chemicals, Ann Arbor, USA), were serially (two-fold) diluted from 100 μM to 0. 76 nM in triplicate in a 96-well flat bottom plate and \~300 xL3s (in 50 μl LB\*) added to each well. The plates were then incubated in a 38 °C water-jacketed CO~2~ incubator and the Mi values of worms measured \[[@CR20]\]. In addition, following the measurement of xL3 motility, L4 development rates were measured, with 30 worms from each well being examined at 20-times magnification following the addition of 50 μl of 1% iodine to each well after seven days of incubation prior to light microscopic examination at 100-times magnification. Half the maximum inhibitory concentration (IC~50~) on xL3 motility, L4 motility and L4 development were determined from the dose-response curves using a variable slope four-parameter equation in GraphPad Prism by constraining the top value to 100% and using a least squares (ordinary) fit model. For each curve, each data point represented the mean of two to five experiments repeated in triplicate on different days (± standard error of the mean, SEM).

Assessing cytotoxicity and selectivity {#Sec6}
--------------------------------------

Compounds with activity on *H. contortus* were tested for cell toxicity properties on a non-cancerous ('normal') mammary epithelial cell line (MCF10A) \[[@CR22]\]. In brief, MCF10A cells were dispensed into wells of flat bottom 384-well, black walled plates (Corning, New York, USA) at 700 cells per well (40 μl) using a liquid handling dispenser (BioTek, Vermont, USA). Cells were cultured in DMEM-F12 containing 100 ng/ml cholera toxin (Sigma-Aldrich, St Louis, USA), 20 ng/ml human epidermal growth factor (EGF, Life Technologies, Carsbad, USA), 10 μg/ml insulin (human; Novo Nordisk Pharmaceuticals Pty Ltd., Bagsværd, Denmark), 5% horse serum (Life Technologies, Australia) and 0.5 μg/ml hydrocortisone (Sigma-Aldrich, St Louis, USA). Following incubation (24 h at 37 °C and 5% CO~2~), the growth medium was aspirated and the cells were treated with test compounds starting at 100 μM as well as positive- (monepantel or moxidectin) and negative- (medium ± 1% DMSO) controls. Compounds were titrated to generate a 5-point dose-response curve (in quadruplicate) employing an automated liquid handling robot (SciClone ALH3000 Lab Automation Liquid Handler, Caliper Life Sciences, Hopkinton, USA) and incubated for a further 48 h. For each compound concentration, matched DMSO concentrations were also tested separately to account for DMSO-induced cytotoxicity. To measure cell proliferation, cells were fixed and stained with 4′,6-diamidino-2-phenylindole (DAPI; 1:1000) and individual wells imaged at 10-times magnification, covering 16 fields (\~90% of well) using a high content imager (Cellomics Cell Insight Personal Cell Imager, ThermoFisher Scientific, Bartlesville, USA) at a fixed exposure time of 0.12 s. Viable cells were counted using the Target Activation BioApplication within the Cellomics Scan software and normalized to the cell density in wells without compound. Toxicity due to DMSO was removed from the normalized cell density counts, and IC~50~ calculated from the variable slope four-parameter equation in GraphPad Prism. Experiments were repeated twice on two different days. The selectivity indices of active compounds were calculated as follows: selectivity index = human epithelial (MCF10A) cells IC~50~/*H. contortus* IC~50~ (for xL3 motility, L4 motility and L4 development).

Results and discussion {#Sec7}
======================

In the primary screen of the 400 compounds from the 'Stasis Box' (Fig. [1](#Fig1){ref-type="fig"}), one compound, MMV690767 (also known as SNS-032), inhibited xL3 motility by \~70% and another compound, MMV079840 (also known as tyrphostin AG-1295 or NSC 380341), induced a coiled larval phenotype and inhibited motility by 50% (Additional file [1](#MOESM1){ref-type="media"}). No other compound inhibited motility by ≥ 70% or induced a non-wildtype phenotype. The chemical structures and predicted physicochemical properties of SNS-032 and AG-1295 are given in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Primary screen of 400 individual compounds from the 'Stasis Box' from the Medicines for Malaria Venture (MMV) at a concentration of 20 μM identified compound SNS-032 (MMV690767) to inhibit the motility of exsheathed third-stage larvae (xL3) of *Haemonchus contortus* (at 72 h) by ≥ 70% compared with negative (LB\* + 0.5% dimethyl sulfoxide; DMSO) and positive controls (monepantel). Another compound, AG-1295 (MMV079840), was found to inhibit xL3 motility by \~50%, displaying a "coiled" phenotype based on visual inspection of video recordings (see Additional file [1](#MOESM1){ref-type="media"}). Other compounds with apparent inhibition of ≥ 50% did not exhibit a characteristic phenotype by visual inspection. Each data point represents the mean of a triplicate (± standard error of the mean, SEM). Chemical structures and physiochemical properties of 'hit' compounds SNS-032 and AG-1295 are indicated. *Abbreviations*: Mw, molecular weight; PSA, polar surface area; FRB, freely rotating bonds; HBD, hydrogen bond donor; HBA, hydrogen bond acceptor; ARC, aromatic ring count; cLogP, calculated partition coefficient

Compound SNS-032, a N-(5-{\[(5-tert-butyl-1,3-oxazol-2-yl)methyl\]sulfanyl}-1,3-thiazol-2-yl)-4-piperidinecarboxamide was developed as a cyclin dependent kinase (CDK)-2, −7 and −9 inhibitor for the treatment of B-cell lymphoma by the company Sunesis Pharmaceuticals (South San Francisco, USA) and entered phase I clinical trials. Compound AG-1295, a 6,7-dimethyl-2-phenylquinoxaline, is a protein tyrosine kinase (PTK) inhibitor targeting the platelet-derived growth factor (PDGF) receptor kinase. Given their activity against *H. contortus*, compounds SNS-032 and AG-1295 were selected for further evaluation. Dose-response curves on xL3 motility showed that SNS-032 (IC~50~ = 12.4 μM at 72 h) and AG-1295 (IC~50~ = 9.92 ± 1.86 μM at 72 h) had a similar potency at inhibiting xL3 motility, without a statistically significant difference (see Table [1](#Tab1){ref-type="table"}; Fig. [2a](#Fig2){ref-type="fig"}). Although neither SNS-032 nor AG-1295 had any detectable inhibitory activity on L4 motility (Table [1](#Tab1){ref-type="table"}; Fig. [2b](#Fig2){ref-type="fig"}), both compounds had considerable potency at inhibiting L4 development, with SNS-032 being less potent at inhibiting larval development than AG-1295 (IC~50~ = 41.24 μM *versus* 7.75 ± 0.94 μM for SNS-032 and AG-1295, respectively) (Table [1](#Tab1){ref-type="table"}; Fig. [2c](#Fig2){ref-type="fig"}). Comparative IC~50~ values for monepantel (control compound) against xL3 motility, L4 motility and L4 development were 0.16 ± 0.08 μM (72 h), 0.37 ± 0.32 μM (72 h) and 0.075 ± 0.04 μM (7 days), respectively (Table [1](#Tab1){ref-type="table"}). The testing of the two compounds for toxic effects on breast epithelial (MCF10A) cells revealed AG-1295 to have limited cytotoxicity (IC~50~ \> 100 μM), whereas SNS-032 was quite toxic to these epithelial cells (IC~50~ = 1.27 μM) and not selective for the parasite (Table [2](#Tab2){ref-type="table"}; Fig. [2d](#Fig2){ref-type="fig"}). The limited inhibitory effect of AG-1295 on the proliferation of MCF10A cells seems to associate with limited expression/transcriptional of genes encoding PDGFR-β in this non-tumorigenic cell line \[[@CR23]\].Table 1Half of the maximum inhibition concentration (IC~50~) values for compounds SNS-032 (MMV690767) and AG-1295 (MMV079840) on the motility of exsheathed third-stage larvae (xL3) and fourth-stage-larvae (L4) of *Haemonchus contortus* (after 72 h of exposure the compound) and on the development of L4 (7 days of exposure)CompoundIC~50~ (μM)xL3 motility (72 h)L4 motility (72 h)L4 development\
(7 days)SNS-03212.36^a^na41.24^a^AG-12959.92 ± 1.86na7.75 ± 0.94Monepantel0.16 ± 0.080.37 ± 0.320.075 ± 0.04*Abbreviation*: *na* no activity^a^Half maximum inhibitory concentration could not be accurately calculated by the log (agonist) *versus* response-variable slope (four parameter) equation, a IC~50~ value was estimated Fig. 2Dose-response curves for compounds SNS-032 (MMV690767) and AG-1295 (MMV079840) on larval stages of *Haemonchus contortus* in vitro with reference to the positive-control compound monepantel. Inhibition of motility of (**a**) third-stage (xL3) and (**b**) fourth-stage (L4) larvae at 72 h and of development of fourth-stage larvae (L4s) at 7 days (**c**) of exposure to each of the compound. Assessment of the toxicity of compounds SNS-032 (MMV690767) and AG-1295 (MMV079840) on breast epithelial (MCF10A) cells after 48 h of exposure to each compound in vitro (**d**). Each data point represents the mean of two to five experiments repeated in triplicate on different days (± standard error of the mean, SEM) Table 2Compounds SNS-032 (MMV690767) and AG-1295 (MMV079840) were tested for toxic effects on breast epithelial (MCF10A) cells. Selectivity indices of these compounds on the motility of exsheathed third-stage larvae (xL3) and fourth-stage larvae (L4) of *Haemonchus contortus* (after 72 h of exposure to the compound) and the development of L4s (over 7 days of exposure) were calculated using a recognized formula \[[@CR38]\]CompoundIC~50~ (μM) for MCF10A cellsSelectivity indices for *H. contortus*xL3 motility (72 h)L4 motility (72 h)L4 development (7 days)SNS-0321.3ndnd0.04AG-1295\> 10010.1^a^nd10.9^a^Monepantel27.8173.675.1370.3*Abbreviation*: *nd* not determined^a^Selectivity indices were calculated based on the highest value in the IC~50~ range

SNS-032 is an anti-cancer protein kinase inhibitor that acts as an apoptosis stimulator, cell cycle inhibitor and radio-sensitizer \[[@CR24]--[@CR26]\]. Based on the current literature \[[@CR27]--[@CR29]\], SNS-032 selectively targets human cyclin-dependent kinases (CDKs), including CDK2, CDK7 and CDK9, suggesting that one or more CDKs of *H. contortus* are target(s) for this compound. This statement is also supported by a recent prediction and prioritization that CDK7 and CDK9 homologs (designated *Hc-*PK-002.1 and *Hc-*PK-236.1, respectively) of *H. contortus* are amongst the top-ten kinase drug targets for this nematode \[[@CR30]\]. The relatively close sequence (79.4%) and structural homologies (root-mean-square deviation, RMSD: 1.79 Å) in the catalytic domain between human CDK9 and its *H. contortus* homolog (Fig. [3](#Fig3){ref-type="fig"}) appear to reflect the toxicity of SNS-032 to cells of both organisms and its limited selectivity. In addition, the subtle conformational difference predicted within the ATP-binding site of *Hc*-PK-236.1 and human CDK9 (Fig. [3](#Fig3){ref-type="fig"}) might explain a reduced potency of SNS-032 in *H. contortus* with respect to human cells (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). This information indicates that SNS-032 would need to undergo medicinal chemistry optimization to achieve high potency and selectivity for *H. contortus* and/or related nematodes before it could be considered as an anthelmintic candidate.Fig. 3Multiple-sequence alignment showing levels of similarity in the kinase catalytic domains (Pfam identifier: PF00069) of CDK9 homologs between *Haemonchus contortus* (*Hc*-PK-236.1) and human (UniProt accession no.: P50750). **a** The pairwise sequence alignment was constructed using the program MUSCLE \[[@CR39]\]. **b** Three-dimensional model of CDK9 homolog of *H. contortus* (*Hc*-PK-236.1; *orange*) superimposed on to the crystal structure of human CDK9 (protein data bank (PDB) identifier: 4or5A; *blue*). The TM-score and root-mean-square deviation (RMSD) values indicate a high-confidence prediction. Conformational differences predicted in G-rich loop, activation loop and α-C helix between the two structures are indicated. The three-dimensional structure for *Hc*-PK-236.1 was predicted using the program I-TASSER \[[@CR40]\] using default parameters

On the other hand, AG-1295 had more selective and better anthelmintic activity against *H. contortus* than SNS-032 (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}), achieving IC~50~ values of 9.92 ± 1.86 μM (xL3 motility) and of 7.75 ± 0.94 μM (L4 development). This selectivity likely relates to limited expression of the target in (normal) MCF10A cells compared with a distinct and moderate activity in developing larvae of *H. contortus* proposed to be associated with relatively high levels of PTK expression \[[@CR23], [@CR30]\]. AG-1295 is a quinoxaline compound that acts as a platelet-derived growth factor (PDGF) receptor kinase inhibitor \[[@CR31]--[@CR33]\] which has been shown to attenuate porcine and human smooth muscle cell growth in vitro and to possess considerable anti-restenosis effects in pigs \[[@CR34], [@CR35]\]; this chemical has also been reported to significantly inhibit aortic allograft vasculopathy in rats \[[@CR36]\] and attenuates the proliferation of rat hepatic stellate cells \[[@CR37]\]. Current evidence shows that AG-1295 selectively inhibits PDGF receptor tyrosine kinase activity apparently without interacting with other protein kinases \[[@CR31], [@CR34], [@CR35]\], and inhibits PDGF-stimulated DNA synthesis with an IC~50~ value of 2.5 μM, without affecting the activity of the epidermal growth factor (EGF) receptor \[[@CR31]\]. Interestingly, although AG-1295 inhibited xL3 motility and L4 development in *H. contortus*, there is presently no evidence of a PDGF receptor kinase in *H. contortus* \[[@CR30]\], suggesting an alternative kinase target. Possible targets of AG-1295 in this nematode might be one or more of five related kinases, namely *Hc-*PK-144.1 within the fibroblast growth factor receptor (FGFR) tyrosine kinase family, *Hc-*PK-185.1 and *Hc-*PK-200.1 within the growth factor receptor tyrosine kinase-like family KIN16 (similar to human vascular endothelial growth factor, VEGFR), and *Hc-*PK-319.1 and *Hc-*PK-319.2 within the EGF receptor tyrosine kinase family \[[@CR30]\]. Further work needs to be done to test these proposals using an integrated experimental-structural biology approach.

Conclusions {#Sec8}
===========

Although two kinase inhibitors (SNS-032 and AG-1295) were identified and shown to have moderate inhibitory activity on the motility or development of xL3s or L4s of *H. contortus* in vitro, substantial further work would need to be undertaken to chemically modify these entities to achieve the potency and selectivity needed for them to become viable nematocidal or nematostatic drug candidates.

Additional file {#Sec9}
===============

Additional file 1:Five-second video recordings of exsheathed third-stage larvae (xL3s) of *Haemonchus contortus* displaying the "coiled" phenotype induced by exposure to AG-1295 (MMV079840; 100 μM). Videos of xL3s exposed to the same concentration of SNS-032 (MMV690767), monepantel, or no-compound were also included for comparison. (PPTX 18505 kb)
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